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This report provides the description of a recent fine art spectral imaging session at the
National Gallery of Art, Washington D. C.  This report also includes subsequent
evaluation of the performance of our multi-channel visible-spectral imaging (MVSI)
system. The multi-band channels analyzed in this report were obtained using a
monochrome CCD and a liquid-crystal tunable filter (LCTF) capturing 31 narrow-band
channels. The results showed the effectiveness of our designed spectral imaging when
used at a museum environment to capture spectral imaging of fine art paintings.
Furthermore, we also verified the dependence of the performance on the selection of the
characterization target. Various combinations of imaged targets were used to generate the
transformation. Among our characterization target combinations, the one that includes
GretagMacbeth ColorChecker DC combined with a target of blue pigments was selected
considering its impact on spectral estimation performance in reconstructing painting
pigments (Gamblin target). This result points directions to a design of a universal target
for painting spectral imaging and estimation.
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I. INTRODUCTION
The ultimate goal of the research being conducted at the Spectral Color Imaging
Laboratory (part of Munsell Color Science Laboratory, Chester F. Carlson Center for
Imaging Science, Rochester Institute of Technology) is the design and evaluation of an
end-to-end multi-channel visible-spectral imaging (henceforth MVSI) system to capture
and reproduce works of art in a museum environment. This effort will facilitate the
creation of highly accurate image archives since we are recording the reflection
properties, the most fundamental description of the imaging object. This approach
minimizes the necessity of visual editing, providing opportunities for color-accurate
publication via multi-ink printing and generates powerful tools for conservation science.
In our research efforts we have been considering many issues in the design and
practice of spectral imaging.1 Our efforts can be classified in three categories:
A. Spectral image capturing system design
There are many factors that we have to consider in the design of a spectral image
capturing system, such as sensor size, spectral sensitivities of the sensor, sensor
noise, dynamic range (bit depth) of imaging system, type of filtering, spectral
transmittance of filters, illumination spectral power distribution, illumination and
imaging geometry, correction of non-uniformity in illumination, imaging data
format. Special consideration is also necessary in reducing imaging artifacts such
as inter-reflections2 and flare.3
We have been using a scientific grade cooled camera that has good noise
properties combined with two types of filtering: narrow-band using liquid-crystal
tunable filters (henceforth LCTF) and wide-band using a set of glass filters that
can further be combined with absorption filters. We also did some preliminary
analysis of the influence of illumination on spectral estimation accuracy.4
B. Spectral image processing
The image processing consists basically in correcting the captured bands for dark
noise and non-uniformity in illumination and estimating the spectral reflectance in
each point of the image from the digital signals of the corrected images. This
transformation from digital counts to reflectance spectra is the core of the spectral
image processing and many other considerations unfold from it:
a. Type of characterization target that can vary in spectral distribution
and number of samples as well as surface properties (gloss versus
matte; flat versus rugged). For our characterization target we have
used the GretagMacbeth ColorChecker DC1 but we are exploring new
alternatives.
b. Mathematical method of generating the transformation. Four different
mathematical methods were tested to derive reflectance spectra from
digital signals: pseudo-inverse, eigenvector analysis, modified-discrete
sine transformation (MDST) and non-negative least squares (NNLS).1
c. Number of samples in the image used to generate the transformation.
We considered two different approaches to sample the digital signals,
using either the average digital signals over the patches or a cluster of
digital signals corresponding to pixels over the patch.1
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C. Spectral image evaluation
The spectral images can be evaluated using:
a. Objective functions such as color difference, spectral error metrics
metamerism index comparing the measured and the estimated spectral
reflectance of targets with uniform region. Series of metrics were used to
evaluate images obtained with different filtering, mathematical method
and sampling using the GretagMacbeth ColorChecker DC as the
characterization target. It was observed that the LCTF pseudo-inverse
transformation using a cluster of pixels produced the best results overall.1
b. Subjective evaluation, by comparing rendered spectral images on
display or hardcopy to the original object under various illuminants.
Psychophysical experiments were performed to evaluate the color
accuracy and overall image quality of RGB images rendered from the
estimated spectral images generated using different filtering systems.5
A detailed description and performance of our spectral acquisition system as well
as a comprehensive list of reference can be found in a previous technical report.1
The functionality and performance obtained by our designing spectral imaging
system encouraged us to perform an in situ spectral imaging at a museum. Therefore we
traveled to Washington, D. C. and performed imaging at the National Gallery of Art on
December 12-13 2002. Figure 1 shows a picture of the group in front of the National
Gallery of Art. This report summarizes the spectral imaging session, with an extending
analysis of how the characterization target selection impacts spectral estimation accuracy.
Figure 1. Members of the Munsell Color Science Laboratory in front of the National
Gallery of Art in Washington, D.C. (December 13 2003).
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II. EXPERIMENTAL
All the spectral estimations described in this report are based on a set of targets with
measured spectral reflectance. The targets are imaged using a multi-band camera and a
transformation is built to get spectral reflectance from camera digital signals using sets of
characterization targets. Then, each transformation is applied to the digital signals of
verification targets in order to derive the corresponding spectral reflectances. The
estimated spectral data then are compared with the original measurements.
We also imaged a series of fine art paintings and measured spectral reflectances
using contact spectrophotometry. The measured spectral reflectances can be used as
“ground truth” to verify the accuracy of our pictorial spectral imaging.
II. A. Materials
II. A. 1. Hardware setup of the image capturing system
The image capturing system is composed by a Roper Scientific, Inc. Photometrics
Quantix 6303E camera that consists of a cooled, high-performance CCD camera system
that uses a Kodak blue enhanced KAF6303E CCD. This camera delivers true 12-bit
images at a high-speed readout rate of 5 million pixels per second. Image integrity is
protected by ultra-low-noise electronics that uses peltier elements that keeps temperature
to be approximately –28 C and consequently the noise is relatively low even for long
exposures. The Quantix 6303E has a pixel size of 9µm by 9µm with sensor size of 3,072
by 2,048 pixels.
This cooled camera system is used in conjunction with the LCTF to capture
narrow-band images. This approach presents many advantages such as automated capture
by synchronizing the filter tuning with the camera shutter control and minimization of
misregistration artifacts since the LCTF is electronically controlled providing rapid,
vibrationless selection of any wavelength in the visible range, although some focusing
problems could happen for different wavelength adjustments.
We also used a Cambridge Research & Instrumentation, Inc (CRI) Varispec
Tunable Imaging Filter as our LCTF. The LCTF filter has a 35 mm aperture and it comes
with the option for a high-contrast narrow-band and a medium-contrast broadband
bandwidth. We have used the broadband mode to get more throughput. Although it is
called “broad-band” mode it is actually much narrower than an actual broadband filter
such as an absorption Wratten filter. A Unaxis/Balzers broadband near-infrared radiation
reduction (cut-off) filter (UBO 110-RE) is always used with this filtering system.
The LCTF and the near-infrared radiation reduction filter were attached to the
Quantix digital camera body using a Nikon mount and a Rodenstock 105 mm 1:5.6
enlarger lens was used with a modular focus ring to be connected to the LCTF. Finally, a
Lindahl Ultra EFX Lens Hood 2000 is attached to the lens to reduce the flare during
imaging. Figure 2 shows a picture of the Quantix camera with the LCTF and lens hood
attached to it.
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Figure 2. Collin Day and the image capturing device consisting of Quantix digital
camera, LCTF with infrared cut-off filter, lens and hood mounted on a tripod.
The configuration of our imaging system was 45 degree illumination and 0 degree
imaging, as the same adopted in our previous experiments at RIT.1 The targets were
illuminated by two Elichron Scanlite Digital 1000 studio illumination lamps with
Chimera front diffusion screen providing an illuminance of approximately 1550 lux. Both
illumination and diffusion screens were also brought from RIT. The light sources were
positioned in a distance of approximately 110 cm from the center of the diffusion screen
to the center of the plane where the targets and paintings were positioned. The distance
between the tip of the lens hood to the center of the plane where the targets were
positioned was 220 cm. The distance between the tip of the lens hood and the sensor
plane was approximately 34 cm. There was also a computer controlling both Quantix
digital camera system and the LCTF. Figure 3 shows a general view of our imaging
system.
Figure 3. General view of the spectral imaging at the NGA.
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II.A.2. Targets with uniform patches The targets we used are shown in
Figures 4a and 4b. We used objects containing uniform patches for characterization
and verification.
1. Target 1 that consists of
a) GretagMacbeth ColorChecker DC with 239 patches.
b) Gamblin paint target with 63 square targets containing commonly used
painting pigments.
2. Target 2 that consists of
a) Kodak Gray Scale Q60 CAT 1527662 that consists of a gray scale used
to check the photometric linearity of the system.
b) GretagMacbeth ColorChecker color rendition chart– consists of 24
patches, 6 grays and 18 colors; it was included in our imaging since it is
widely used in the imaging community for comparison purposes.
3. Target 3 that consist of a series of four uniform gray (white, light gray, dark gray
and black) color-aid papers mounted on cardboard used to perform correction for
the non-uniformity of the illumination.
Targets 1 and 2 described above have a halon tablet for determining the proper
exposure time without clipping.
The measurements were performed using a Color-Eye XTH portable hand-held
sphere spectrophotometer measuring in the wavelength range from 360 nm to 750 nm in
intervals of 10 nm, in specular excluded mode with 10 mm aperture. Figures 5a to 5 e
show the spectral reflectances of the targets 1 and 2.
         
a) ColorChecker DC and Gamblin        b) Blue target and ColorChecker
Figure 4. Pictures of the characterization targets we used in our imaging.
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Figure 5a. Spectral reflectances of the ColorChecker DC.
Figure 5b. Spectral reflectances of the Gamblin target.
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Figure 5c. Spectral reflectances of the blue target.
Figure 5d. Spectral reflectances of the GretagMacbeth ColorChecker rendition chart.
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The CIELAB colorimetric attributes were also calculated for the four targets
whose spectral reflectances are shown in Figures 5a to 5d. For all our colorimetric
calculations presented in this report, we used D50 illuminant and 2 degree observer. The
colorimetric plots were shown in Figures 6 to 9, respectively to GretagMacbeth
ColorChecker DC, Gamblin target, Blue target and GretagMacbeth ColorChecker.
     a) a* x L* (D50, 1931) plot    b) a* x b* (D50, 1931) plot
Figure 6. GretagMacbeth ColorChecker DC.
 
     a) a* x L* * (D50, 1931) plot    b) a* x b* * (D50, 1931) plot
Figure 7. Gamblin target.
    a) a* x L*  * (D50, 1931) plot    b) a* x b* * (D50, 1931) plot
Figure 8. Blue target.
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    a) a* x L* * (D50, 1931) plot    b) a* x b* * (D50, 1931) plot
Figure 9. GretagMacbeth ColorChecker rendition chart.
From Figure 4a, Figure 5a and Figures 6a and 6b, it is possible to see the
predominance of neutral colors in the GretagMacbeth ColorChecker DC. The three levels
of grays are in the outer layer of the target and it facilitates checking spatial uniformity in
the image. From Figure 6a it is also possible to see that the patches have discrete values
in terms of L*. One of the disadvantages of this target is the fact that it is not based on
pigments most used in paintings with the absence of important pigments such as cobalt
blue.
From Figure 4a, Figure 5b and Figures 7a and 7b, it is possible to observe that the
Gamblin target has a color distribution that is deficient in yellow-green colors (Figures
7b) and it also lacks dark colors (Figures 7c). Therefore, it is probably not a very good
characterization target if used alone. However, since this target was made using typical
pigments used in paintings, it makes be a very good verification target.
Figures 4b, Figures 5c and Figures 8a and 8b show that the Blue Target has as
expected, a good distribution of blue colors in terms of lightness and redness-greenness.
It is a good verification target for blue colors as well as it could complement blue
deficiencies in other characterization targets.
Figures 4b, Figures 5d and Figures 9a and 9b illustrate that the GretagMacbeth
ColorChecker rendition chart, although presents only 18 colors and 6 neutrals did a
remarkably good job in sampling the color space. It also has the same disadvantage
mentioned for ColorChecker DC of being not based on painting pigments.
II.A.3. Pictorial targets
Five paintings covering various periods and styles were selected, covering from
late 15th century Venetian school to the 20th century cubist school of painting. All the
paintings are sufficiently small in dimensions in order to have images with reasonable
resolution. The imaged paintings are listed in Table I. Figures 10a to 10e show the
paintings assembled to a frame during imaging. All paintings were imaged with a mini
ColorChecker and a Kodak Gray Scale. Note that the Coorte painting image was
deliberately kept without white balance to show the actual color of the illumination used
for the spectral imaging.
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        a) Vivarini’s St. Jerome reading  b) Coorte’s Still life with asparagus      c) Jawlensky’s Murnau
       and red currants
     
         c) Matisse’s Pot of geraniums           d) Lipchitz’s Still life
Figure 10. Imaged paintings at the NGA, DC.
Table I. Paintings imaged at the National Gallery of Art, Washington D.C. on December
12-13 2002.



































Murnau 1910 Oil on
hardboard

















Still Life 1918 Oil on
canvas






We also measured the spectral reflectance of some selected regions in each
painting, in order to have a “ground truth” to compare the results of the spectral image
estimation of the pictorial images. The measurements were performed using the
GretagMacbeth Eye-One 45/0 degree measurement geometry spectrophotometer that has
an aperture of 4.5 mm and measures in the wavelength range from 380 to 730 nm in
intervals of 10 nm.  The spectrophotometer weighs only 185 grams and it communicates
to a computer that records the measured data. A piece of Mylar with a hole for
measurement was used between the spectrophotometer and the painting, in order to avoid
direct contact of the spectrophotometer with the painting. We measured reasonably
uniform regions selecting colors that are representative. The paintings were measured on
a copy stand. The piece of Mylar was also used to indicate the position of each
measurement, taken by a digital camera positioned directly over the painting in the copy
stand.  Since the painting “Still life with asparagus and red currants” by Adriaen Coorte is
dark, two directional lights were used to allow our pictures to show the measurement
spots during the measurement of this particular. Figures 11a and 11b show pictures of the
spectral measurements on paintings. Figures 12a and 12b show examples of the
measurement pictures with the piece of Mylar indicating the positions where we
measured.
                                     
   a) Preparation for measurement   b) Sampling the spectra of Lipchitz painting
Figures 11. Pictures of the measurement of spectral reflectances on the paintings
  
     a) Example of measurement position 1        b) Example of measurement position 2
Figures 12. Pictures of the positions where we sampled spectral reflectance on Jacques
Lipchitz “Still Life” painting.
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Figures 13a to 13e show the measurement spectral reflectances on each paintings.
       a. Vivarini’s Saint Jerome reading    b. Coorte’s Still life with asparagus and red currants
     c. Jawlewsky’s “Murnau”         d. Matisse’s Pot with geraniums
e. Lipchitz’ “Still Life”
Figure 13. Spectral reflectance sampled on five selected paintings.
Figure 13 b. presented spectral reflectance factors above 1. It happened because
the external light used for the Coorte’s painting interfered with the spectral reflectance
measurements. Since these measurements are not reliable they were discarded.
Figure 14, 15, 16 and 17 show the CIELAB coordinate plots of the sampled
reflectances for 4 paintings (excluding Coorte’s painting measurement).
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a) a* x L* (D50, 1931) plot    b) a* x b* (D50, 1931) plot
Figure 14. Vivarini’s “Saint Jerome reading”.
a) a* x L* (D50, 1931) plot    b) a* x b* (D50, 1931) plot
Figure 15. Jawlewsky’s “Murnau”.
a) a* x L* (D50, 1931) plot    b) a* x b* (D50, 1931) plot
Figure 16. Matisse’s “Pot with geraniums”.
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a) a* x L* (D50, 1931) plot    b) a* x b* (D50, 1931) plot
Figure 17. Lipchitz’s “Still life”.
From Figures 14, 15, 16 and 17 it is possible to have an idea of the color gamut of
the samples from these four paintings. Now, if we plot the colorimetric coordinates of all
samples from the four paintings considered here and put it in the same graph as the
colorimetric coordinates of all targets with uniform patches we have the plots of Figure
18.
a) a* x L* (D50, 1931) plot    b) a* x b* (D50, 1931) plot
Figure 18. Comparison between all measured painting reflectances and all measured
uniform patch target reflectances in terms of colorimetric attributes. The red cross (x)
indicates the measured painting colorimetric values and the blue circle (o) indicates the
measured uniform patches colorimetric values.
From Figure 18b it is clear that the ensemble of characterization targets covers
well the color distribution of the sampled measurements on four paintings we imaged.
There are only some dark painting colors that were not covered by the uniform patch
targets as seen in Figure 18a.
Figure 19a and 19b show the plot of the colorimetric coordinates of all samples
from the four paintings considered here and put it in the same graph as the colorimetric
coordinates of the Gamblin target.
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a) a* x L* (D50, 1931) plot    b) a* x b* (D50, 1931) plot
Figure 19. Comparison between all measured painting reflectances and measured
Gamblin target reflectances in terms of colorimetric attributes. The red cross (x) indicates
the measured painting colorimetric values and the blue circle (o) indicates the measured
Gamblin target colorimetric values.
From Figure 19a, it is possible to see that the Gamblin target is deficient in some
yellow-green colors, as noted before. The lack of dark colors in this target is also clearly
shown in Figure 19b. It reinforces that the Gamblin target is not a good characterization
target.
Figure 20a and 20b show the plot of the colorimetric coordinates of all samples
from the four paintings considered here and put it in the same graph as the colorimetric
coordinates of the GretagMacbeth ColorChecker DC target.
a) a* x L* (D50, 1931) plot    b) a* x b* (D50, 1931) plot
Figure 20. Comparison between all measured painting reflectances and measured
ColorChecker DC target reflectances in terms of colorimetric attributes. The red cross (x)
indicates the measured painting colorimetric values and the blue circle (o) indicates the
measured ColorChecker DC target colorimetric values.
From Figure 20a and 20b, it is possible to see that the ColorChecker DC covers




In the Quantix camera software, we selected Gain 2, readout speed of 5 MHz and
offset setting of 2076 that gives a dark current digital signal of approximately 110. A
Matlab program was written in order to determine automatically the exposure time for
each LCTF wavelength setting.  The code was adjusting the exposure time in order to
have mean digital signal of the central region of the halon at the Target 1 around 3,800. It
gives some security margin below the maximum theoretical camera value of 4095 for our
12 bit imaging considering non-uniformity of illumination and illumination highlights. In
the capture, the Rodenstock 105 mm 1:5.6 enlarger lens was used with f-stop of 11.
2. Image acquisition
Details of the imaging procedure can be found in our previous technical report.1
The image acquisition consisted of
a. Focusing – The focusing was adjusted using the modular ring in the lens.
b. Exposure metering – Table II shows the exposure time used for each
channel and Figure 21 shows the plot of exposure time versus center
wavelength.
c. Imaging targets - The imaging process was divided in the following items
     1.Imaging targets
     2.Imaging uniform gray cards
     3.Imaging the dark image
     4.Normalizing the digital signals
Figure 22 shows a view of our spectral imaging in action.
Table II. Exposure time from 400 nm to 700 nm settings for the  LCTF.
LCTF wavelength
(nm)
400 410 420 430 440
Exposure time (ms) 60,000 138,334 81,012 52,651 33,952
LCTF wavelength
(nm)
450 460 470 480 490
Exposure time (ms) 22,279 15,575 11,788 7,343 5,827
LCTF wavelength
(nm)
500 510 520 530 540
Exposure time (ms) 2,741 2,166 1,477 1,191 962
LCTF wavelength
(nm)
550 560 570 580 590
Exposure time (ms) 797 673 577 505 382
LCTF wavelength
(nm)
600 610 620 630 640
Exposure time (ms) 340 265 236 212 191
LCTF wavelength
(nm)
650 660 670 680 690 700
Exposure time (ms) 173 158 146 131 129 135
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Figure 21. Plot of exposure time versus LCTF center wavelength.
Figure 23. View of the spectral imaging in action.
3. Image Processing
The image processing consists of
a. Generation of transformations from digital signals to reflectance
In order to provide an independent verification of our spectral estimation results,
the transformation from digital signals to reflectance has to be generated for a training set
consisting of digital signals and measured spectra. In our previous experiment we used
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the GretagMacbeth ColorChecker DC digital counts and spectra as the training set.1 With
our newly acquired data at the museum, we considered all possible combination of targets
consisting of GretagMacbeth ColorChecker DC (CCDC), Gamblin painting target
(Gamblin), GretagMacbeth ColorChecker (CC), the Blue paint target (Blue) and the
halon disc (Halon) to generate the transformations. Since the patch sizes are different for
different targets, each transformation was weighted by the number of pixels accounted
for each uniform patch image. Table III lists all target combinations used to generate the
transformation. Although we also performed our experiments using the halon disc digital
counts, it is not possible to get even a reasonable performance from a transformation
generated only using the halon disc, and therefore the transformation based on halon was
discarded. However, we believe that combining the halon (whose spectral reflectance is
shown in Figure 23) with other targets will benefit the estimation since it adds its
spectrally flat property absent in the titanium oxide white used in other targets.
Figure 23. Spectral reflectance of the halon. Note that the ordinate is scaled from
0.9 to 1.
Table III. All target combinations used to generate transformations
Number Transformation Number Transformation Number Transformation
1 CCDC 11 Gamblin+CC 21 Halon+Gamblin+Blue
2 CCDC+Halon 12 CCDC+Gamblin+CC 22 CCDC+Halon+Gamblin+Blue
3 Gamblin 13 Halon+Gamblin+CC 23 CC+Blue
4 CCDC+Gamblin 14 CCDC+Halon+Gamblin 24 CCDC+CC+Blue
5 Halon +Gamblin 15 Blue 25 Halon+CC+Blue
6 CCDC+Halon+Gamblin 16 CCDC+Blue 26 CCDC+Halon+CC+Blue
7 CC 17 Halon+Blue 27 Gamblin+CC
8 CCDC+CC 18 CCDC+Halon+Blue 28 CCDC+Gamblin+CC+Blue
9 Halon+CC 19 Gamblin+Blue 29 Halon+Gamblin+CC+Blue
10 CCDC+CC+Halon 20 CCDC+Gamblin+Blue 30 CCDC+Halon+Gamblin+CC+Blue
For independent verification we considered all the targets with uniform patches.
This verification provides information about the robustness of different transformations
for independent targets. We are particularly interested in the performance for the
Gamblin paint target since our main goal is spectral imaging and estimation of artwork
paintings.
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There are many different ways to generate the inverse transformation from digital
signals to reflectance in terms of mathematical method and sampling of pixels.  We have
tested many transformations1 and we found out so far that the pseudo-inverse
transformation using a cluster of pixels for each patch not only gave the best performance
but also provided the most physically meaningful mathematical transformation. Therefore
we are also going to use the same method to generate the transformation from digital
signals to spectra for each combination shown in Table III.
At first, we create a mask for each target associating a cluster of pixels for each
uniform region and then build the transformation from digital signals to the
corresponding reflectance. Using a cluster of pixels demands increase of processing
power but we believe it potentially can derive more robust transformations by taking in
account the variability of the camera signals due to imaging noise.
Figure 24 shows a schematic diagram of the transformation generation from
digital signals to reflectance using the training target. The spatially and dark corrected
images are masked to extract the coordinates and digital signals of areas corresponding to
the uniform patches. It will result in k band images (k=31 for our narrow-band imaging),
with r patches (for instance, r=240 for the CCDC) giving s pixels per patch. Then, all the
pixels inside the patch region are used in the calculations resulting in k bands with r*s
digital signals. The pseudo-inverse is calculated and a series of transformations are
generated for our 30 training targets.
b. Spectral Estimation - Using the transformations generated for each combination
of targets, we estimated the reflectance spectra of the verification targets. Figure 25
shows a schematic diagram of the spectral estimation and accuracy evaluation for the
verification targets using the transformation from digital signals to reflectance generated
by the training target. Before using the transformation, the spatially and dark current
corrected images with k bands are masked to extract the pixel corresponding to the t
uniform patches (for instance, t=24 for the ColorChecker) with u pixels per patch. The
derived transformations were then applied and the estimated reflectance was compared to
the measured reflectance.
c. Evaluation of the spectral performance - Since there is no single metric that can
express the accuracy of spectral estimation6 we used a set of metrics:
- Color difference equations such as ∆E*ab and ∆E*00.
- Spectral curve difference metrics such as root mean square error (RMS) as well
as weighted RMS, using the inverse of the reflectance and the diagonal of the matrix [R]
as weights, as well as the GFC.7
- Metamerism index
Details of these metrics are presented in the Appendix of the previous report.1
The measured reflectances of t uniform patches were replicated u times each to
compare pixel by pixel to the estimated t*u reflectances. Finally, the metrics were
averaged for each patch. The process is repeated for each target and each transformation.
II.C. Wide-band imaging
All the narrow-band images were taken on December 12 2002. On December 13
2002, we also took wide-band images of the same uniform patch targets and paintings.
We used a PixelPhysics TerraPix RGB camera that uses Kodak KAF-16801 4k x 4k
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sensor, Contax 645 body with a Distagon 45 mm lens combined with absorption filtering
to have triplets of RGB signals used for spectral estimation. This work is in progress and
since it is beyond the scope of this report, it will be reported later. Figures 26, 27 and 28
show the imaging system used for wide-band imaging.
Although we were prepared for also performing wide-band imaging using the
Quantix digital camera system with either six glass filters or three RGB glass filters
combined with absorption filters, unfortunately we did not have opportunity to perform
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Figure 24. Schematic diagram of the generation of the transformation from digital
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Figure 25. Schematic diagram of the application of the transformation from
digital signals to reflectance.
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Figure 26. Collin Day controlling the wide-band imaging system.
           
Figure 27. Wide-band imaging with Figure 28. Wide-band imaging
                  characterization targets. with Matisse painting.
III. RESULTS AND DISCUSSION
The spectral imaging using the narrow-band set-up was performed for all targets
and paintings as described above in section II.B. Unfortunately, due to problems of file
transferring in our improvised computer network, the images corresponding to the bands
of 460 nm, 610 to 660 nm, 680 and 690 nm of the Lipchitz painting were lost. Therefore,
this painting will not be estimated spectrally this time.
25
A. Transformations
Figure 29 shows the transformations obtained for every combination of targets in
Table III. Figure 29 shows tridimensional representations of the transformation matrix. In
all the visualization figures shown in this report, the z-axis shows the numerical value of
the matrix; the x-axis is the LCTF center wavelength number, where 1 corresponds to a
tuning to 400 nm, 2 corresponds to a tuning to 410 nm and so on until 31 corresponds to a
tuning to 700 nm; and the y-axis is the wavelength number of spectral reflectance where
1 corresponds to 400 nm, 2 corresponds to 410 nm and so on until 31 corresponds to 700
nm.
1. CCDC     2. CCDC + Halon
3. Gamblin      4. CCDC + Gamblin
    5. CCDC+Gamblin 6.CCDC+Halon+Gamblin
26
7. CC   8. CCDC + CC
    9. Halon + CC 10. CCDC + CC + Halon
    11. Gamblin + CC      12. CCDC + Gamblin + CC
27
13. Halon + Gamblin + CC 14. CCDC + Halon + Gamblin
15. Blue 16. CCDC + Blue
    17. Halon + Blue 18. CCDC + Halon + Blue
28
    19. Gamblin + Blue 20. CCDC + Gamblin + Blue
21. Halon + Gamblin + Blue      22. CCDC + Halon + Gamblin + Blue
23. CC + Blue 24. CCDC + CC + Blue
29
25. Halon + CC + Blue       26. CCDC + Halon + CC + Blue
27. Gamblin + CC          28. CCDC + Gamblin + CC + Blue
        29. Halon + Gamblin + CC+Blue 30. CCDC + Halon + Gamblin + CC + Blue
Figure 29. Visualizations of the transformations obtained for every combination of
targets in Table III performing a pixel-based pseudo-inverse between digital counts and
spectral reflectances.
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When LCTF is used to capture the digital signals, it is expected to have a
transformation matrix with a strong correlation in the diagonal region between filter
center wavelength and the corresponding reflectance wavelength since the LCTF were
very spectrally selective for the wavelength to which it was tuned. The visualizations in
Figure 29 show that this property depends strongly on the target the transformation is
based on. For example, there was a strong correlation in the diagonal region when CCDC
was involved. It was also observed from the plots 3 and 5 that when only Gamblin target
is used (or when it is combined only with Halon), it presented the strong diagonal
correlation but it was less intense than when CCDC is used. The blue targets either used
alone or only with Halon (shown in plots 15 and 17) don’t present the strong diagonal
correlation either as expected. All these results were expected since the success of the
transformation matrix calculation not only depends on the mathematical technique and
number of samples but also in the spectral properties of the characterization target.
B. Spectral estimation accuracy of uniform patch targets
We used 30 transformations to estimate the spectral reflectances of every patch
for every target. The metrics for spectral and colorimetric match quality were calculated
for each estimated reflectance and the metrics statistics were averaged for each patch.
Furthermore, the average of all patches were calculated for each target and the maximum
value was calculated for each target. The statistics of the metrics are shown in Tables A.I
and A.II in the Appendix, respectively for average values for all transformations applied
to all target combinations and worst metric values for all transformations applied to all
target combinations. In these tables, we indicate the weighted RMS error for two
illuminants: D65 and A standard illuminants. The metamerism index8 was also calculated
in two ways. In the first metamerism index calculation we first matched the tristimulus
values of the estimated curve to the measured spectra under D65 illuminant and then
calculated the color difference ∆E*00 for A illuminant. In the second case, we matched the
tristimulus values of the estimated curve to the measured spectra under A illuminant and
then calculated the color difference ∆E*00 for D65 illuminant. Two degree observer was
used for all colorimetric calculations.
Table IV and V summarize the overall results for respectively, the average and
worst results. From Tables IV and V we can see that colorimetric based metrics (∆E*00,
weighted RMS diagonal [R] and metamerism indices) show clearly the worst
transformations but the difference for the best results were not significative. For
discriminating the best results, spectral-based metrics (RMS, weighted RMS with inverse
of reflectance, GFC) were more useful.
From Tables IV and V, it is possible to notice that not surprisingly, the worst
performance was using the blue target transformation (number 15). The best estimation
overall was using transformation number 25 (CC+Halon+Blue) but it was not
significantly better than other possibilities. Tables IV and V do not indicate the desirable
independence between characterization and verification targets. Let us not loose focus on
the objective that is spectral estimation of artwork. Thus, from now on we are going to
consider the Gamblin target as our verification target.
Table VI and VII summarizes the spectral estimation results for the Gamblin
target. Since the estimation process should be independent of the process to build the
transformation, we excluded all transformations that include the Gamblin target.
31




























1 1.8 3.2 5.1 0.6 0.6 99.73 0.4 0.4
2 1.8 3.2 5.1 0.6 0.6 99.73 0.4 0.4
3 2.3 3.9 6.1 0.7 0.7 99.65 0.5 0.4
4 1.8 3.2 4.9 0.6 0.6 99.75 0.4 0.4
5 2.2 3.7 5.8 0.7 0.7 99.69 0.5 0.4
6 1.8 3.2 4.9 0.6 0.6 99.75 0.4 0.4
7 1.7 2.6 4.7 0.5 0.5 99.82 0.4 0.4
8 1.8 3.2 5 0.6 0.6 99.74 0.4 0.4
9 1.6 2.1 4.5 0.5 0.5 99.8 0.4 0.4
10 1.8 3.2 5 0.6 0.6 99.74 0.4 0.4
11 2.2 3.7 5.8 0.7 0.7 99.69 0.5 0.4
12 1.8 3.2 4.9 0.6 0.6 99.75 0.4 0.4
13 2.2 3.5 5.6 0.7 0.6 99.72 0.5 0.4
14 1.8 3.2 4.9 0.6 0.6 99.75 0.4 0.4
15 3.4 5.3 9.1 1.1 1 99.45 0.5 0.5
16 1.8 3.1 4.9 0.6 0.6 99.76 0.4 0.3
17 2.5 3.3 6.2 0.8 0.7 99.7 0.4 0.4
18 1.8 3.1 4.8 0.6 0.5 99.76 0.4 0.3
19 2 3.4 5.3 0.6 0.6 99.74 0.4 0.4
20 1.8 3.2 4.8 0.6 0.5 99.76 0.4 0.3
21 1.9 3.3 5.2 0.6 0.6 99.77 0.4 0.4
22 1.8 3.1 4.8 0.6 0.5 99.76 0.4 0.3
23 2 3.2 5 0.5 0.5 99.81 0.4 0.4
24 1.8 3.1 4.8 0.6 0.5 99.76 0.4 0.3
25 1.8 2.7 4.5 0.5 0.5 99.85 0.4 0.4
26 1.8 3.1 4.8 0.6 0.5 99.77 0.4 0.3
27 1.9 3.4 5.2 0.6 0.6 99.76 0.4 0.4
28 1.8 3.1 4.8 0.6 0.5 99.76 0.4 0.3
29 1.9 3.2 5.1 0.6 0.6 99.78 0.4 0.4
30 1.8 3.1 4.8 0.6 0.5 99.77 0.4 0.3




























1 5.8 8.5 13.3 2.7 2.7 99.15 2 2.1
2 5.8 8.5 13.3 2.7 2.7 99.15 2 2.1
3 6.1 8.9 14.3 2.8 2.8 98.98 2.2 2.2
4 5.8 8.5 13.3 2.7 2.7 99.14 2 2.1
5 6.1 8.8 14.2 2.8 2.8 99.02 2.2 2.2
6 5.8 8.5 13.3 2.7 2.7 99.14 2 2.1
7 6.1 8 13.7 2.5 2.5 99.23 2.1 2.1
8 5.8 8.5 13.3 2.7 2.7 99.16 2 2.1
9 6.2 8.1 14.2 2.5 2.5 99.16 2.1 2.2
10 5.8 8.5 13.3 2.7 2.7 99.16 2 2.1
11 6.1 8.8 14.1 2.8 2.7 99.03 2.2 2.2
12 5.8 8.5 13.3 2.7 2.7 99.15 2 2.1
13 6.1 8.7 14 2.7 2.7 99.06 2.2 2.2
14 5.8 8.5 13.3 2.7 2.7 99.15 2 2.1
15 7 10.2 16.9 3.1 3 98.77 2.1 2.2
16 5.8 8.5 13.2 2.7 2.7 99.18 2 2.1
17 6.6 8.8 15 2.8 2.8 99.09 2.1 2.2
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18 5.8 8.5 13.2 2.7 2.7 99.18 2 2.1
19 5.9 8.6 13.7 2.7 2.7 99.09 2.1 2.2
20 5.8 8.5 13.2 2.7 2.6 99.16 2 2.1
21 5.9 8.5 13.7 2.7 2.7 99.11 2.1 2.2
22 5.8 8.5 13.2 2.7 2.6 99.16 2 2.1
23 5.9 8.3 13.3 2.6 2.6 99.2 2 2.1
24 5.8 8.5 13.2 2.7 2.7 99.18 2 2.1
25 5.9 8.1 13.1 2.6 2.6 99.24 2 2.1
26 5.8 8.5 13.2 2.7 2.6 99.18 2 2.1
27 5.9 8.6 13.6 2.7 2.7 99.1 2.1 2.2
28 5.8 8.5 13.2 2.7 2.6 99.16 2 2.1
29 5.9 8.5 13.6 2.7 2.7 99.13 2.1 2.2
30 5.8 8.5 13.2 0.6 2.6 99.16 2 2.1




























1 2 2.1 4.7 0.6 0.6 99.88 0.4 0.4
2 2 2.1 4.7 0.6 0.6 99.88 0.4 0.4
7 2.1 2.5 5.5 0.7 0.7 99.87 0.4 0.4
8 1.9 2.1 4.7 0.6 0.6 99.88 0.4 0.4
9 2.2 2.7 6.1 0.7 0.7 99.83 0.4 0.4
10 1.9 2.1 4.7 0.6 0.6 99.88 0.4 0.4
15 4.3 4.5 10.9 1.1 1.1 99.34 0.6 0.6
16 2 2.1 4.5 0.6 0.6 99.89 0.4 0.4
17 3.3 3.5 8.2 1 1 99.62 0.5 0.5
18 2 2.1 4.6 0.6 0.6 99.89 0.4 0.4
23 2.1 2.2 4.8 0.6 0.6 99.88 0.4 0.4
24 1.9 2.1 4.5 0.6 0.6 99.89 0.4 0.4
25 2.1 2.2 4.8 0.6 0.6 99.88 0.4 0.4
26 1.9 2.1 4.5 0.6 0.6 99.89 0.4 0.4




























1 5.3 5.4 11.8 1.7 1.7 99.42 1.4 1.5
2 5.3 5.4 11.9 1.7 1.7 99.42 1.4 1.5
7 5.3 5.2 11.6 1.7 1.7 99.43 1.4 1.5
8 5.7 6.1 13.6 1.9 1.9 99.36 1.5 1.6
9 5.3 5.4 11.8 1.7 1.7 99.42 1.4 1.5
10 5.7 6.2 14.4 1.9 1.9 99.3 1.5 1.6
15 5.3 5.4 11.8 1.7 1.7 99.42 1.4 1.5
16 5.3 5.2 11.5 1.7 1.7 99.43 1.4 1.5
17 7.9 7.4 17.5 2.2 2.2 98.77 1.6 1.7
18 5.3 5.3 11.8 1.7 1.7 99.42 1.4 1.5
23 7 6.7 15.9 2.1 2.1 99.07 1.5 1.6
24 5.3 5.3 11.8 1.7 1.7 99.42 1.4 1.5
25 5.8 5.5 12.4 1.8 1.8 99.37 1.4 1.5
26 5.3 5.3 11.7 1.7 1.7 99.42 1.4 1.5
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From Tables VI and VII, it is possible to see that overall, the transformations 15
and 17 that uses respectively, blue target and a combination of blue target and halon
resulted in the worst transformation for estimating the spectra of the Gamblin target. That
was not a surprise at all. The transformations using ColorChecker but not the
ColorChecker DC (7, 9, 23 and 25) resulted in reasonable performance. However, the
best performance for Gamblin target spectral estimation was achieved when
ColorChecker DC (transformations 1, 2, 8, 10, 16, 18, 24 and 26) was used.  The
difference in performance of the transformations 1, 2, 8, 10, 16, 18, 24 and 26 were not
statistically significant according to tables VI and VII.
Figure 30a to 30h show the graphs for the spectral reflectance difference between
predicted spectral reflectances and measured spectral reflectances for the Gamblin target
using transformations 1, 2, 8, 10, 16, 18, 24 and 26. All the graphs were scaled from –0.1
to 0.1 reflectance factor difference for comparison purposes and there are some clipping
in some of the plots. From Figure 30, it is possible to see that the use of Halon did not
alter significantly the spectral performance. The addition of ColorChecker (CC) to the
transformation with CCDC did not have any impact either. However, the introduction of
Blue Target to CCDC improved the estimation. We believe that the Blue Target helped
the transformation introducing blue pigments that are deficient in CCDC, such as Cobalt
blue.
     a) Transformation 1 (CCDC) b) Transformation 2 (CCDC+Halon)
c) Transformation 8 (CCDC+CC)        d) Transformation 10 (CCDC+CC+Halon)
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e) Transformation 16 (CCDC+Blue)          f) Transformation 18 (CCDC+Blue+Halon)
         g) Transformation 24 (CCDC+CC+Blue)   h) Transformation 26 (CCDC+CC+Blue+Halon)
Figure 30. Spectral difference plots between prediction and measurement of
Gamblin target spectral reflectance for various transformations used in the estimation.
Since, the transformation 16 (using CCDC and Blue targets) has slightly better
average and maximum error performance than transformations 18, 24 and 26, according
to Tables VI and VII, we solved to adopt this transformation as the best among the tested
transformations to estimating the Gamblin target.
Table A.III in the appendix summarizes the spectral matching metrics between
measured and estimated Gamblin target reflectances using transformation 16. Figure A.1
shows the plots of both estimated and measured spectral reflectances for all 60 pigments
of Gamblin target using transformation 16 (CCDC+Blue targets). It is possible to see
from Figure A.1 that the combination of CCDC and Blue targets allowed us to get good
estimates of the Gamblin target. It is also possible to notice a magnitude shift in some of
the estimated curves. In pigment estimations involving patches number 3, 8, 9, 12, 15, 17,
18, 24 and 26, the spectral estimation systematically under predicted the reflectance.
Since some of those uniform patches are adjacent (for instance patch 3 is adjacent to
patch 12; patches 8, 9, 17 and 18 are adjacent forming a square), we believe that there is
some spatial artifact that could be result of non-uniformities in our imaging system that
our correction for illumination non-uniformity was insufficient to compensate.
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C. Comparison between spectral estimation and measurement on Matisse’s “Pot
of Geraniums” painting
Figure 31 shows a sRGB rendition of the Matisse painting from the estimated
spectral image. The transformation 16 (build using CCDC and Blue targets as
characterization targets) was used to calculated the spectral image from 31 bands taken
using our LCTF and Quantix digital camera system. The 43 white circles represent the
approximate positions and aperture of our contact spectrophotometry measurements.
Figure 31.  Matisse’s “Pot of Geranium” from estimated spectral image indicating
positions of the spectral measurements with white circles.
The image layer with white circles was used to mask our spectral image and
extract the average value of spectral reflectance inside the white circle region. The
average reflectance was then compared with the measured reflectance. Table VIII shows
the summary of the comparison between measured and averaged estimation of the
reflectance spectra in 43 positions on the surface of the painting.
Figure A.2. shows spectral plots between measured and averaged estimated
spectra with respective error maps for 43 positions on Matisse painting. The continuous
blue line indicates measured reflectance and the dotted magenta line indicates the
averaged spectral estimation in the region corresponding to the measurement.
Figure A.2. also shows error maps indicating spatially the RMS error between the
measured value and the estimated spectral reflectance in a sub-region in the painting
adjacent to the measurement. These error maps help analyze possible displacements
between masks and actual measured position. In the error maps, the abscissa and ordinate
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indicate spatial distance and the color bar indicates the RMS error between measured
spectral estimation and the estimated spectral reflectance for each pixel of the subregion.
The dotted black circle indicates the region sampled by the spectrophotometer.
Table VIII. Summary of the comparison between measured spectral reflectance and
corresponding averaged spectral reflectances of Gamblin target using 31 bands from






















1 8.7 6.8 18.5 2.0 1.9 97.97 0.1 0.4
2 6.0 6.5 10.5 1.7 1.8 99.83 1.2 1.2
3 8.6 5.7 18.9 1.8 1.8 99.22 0.7 0.7
4 1.6 1.5 4.8 0.3 0.3 99.93 0.3 0.3
5 0.9 0.3 1.5 0.1 0.1 99.87 0.5 0.5
6 1.4 0.7 2.5 0.2 0.2 99.95 0.8 0.8
7 1.6 0.7 3.1 0.2 0.2 99.78 1.0 1.0
8 0.4 0.3 1.3 0.1 0.0 99.94 0.3 0.2
9 2.5 3.0 4.7 0.7 0.8 99.97 0.7 0.6
10 2.4 4.1 6.5 0.8 0.9 99.97 0.5 0.4
11 3.4 4.0 6.8 1.0 1.1 99.98 1.0 1.0
12 1.4 0.4 1.4 0.1 0.1 99.90 0.1 0.1
13 3.0 3.5 5.9 0.8 0.9 99.96 0.9 0.8
14 1.4 2.3 3.6 0.4 0.5 99.92 0.5 0.4
15 4.1 5.9 10.0 1.6 1.6 99.87 2.0 1.8
16 2.8 4.7 7.2 1.0 1.1 99.97 0.6 0.5
17 2.4 1.6 4.2 0.3 0.3 99.83 0.8 1.1
18 2.9 1.4 4.6 0.5 0.4 99.62 0.6 0.7
19 3.4 4.9 9.1 1.2 1.1 99.78 1.2 1.0
20 1.9 2.8 4.6 0.5 0.5 99.84 0.3 0.3
21 12.7 11.1 19.8 3.1 3.2 99.03 4.8 3.8
22 3.2 1.1 4.8 0.3 0.3 99.64 1.5 1.2
23 3.4 0.9 4.8 0.3 0.3 99.04 1.7 1.3
24 5.2 3.2 9.0 1.1 1.0 99.76 1.0 1.0
25 2.0 1.3 3.6 0.4 0.4 99.93 0.4 0.4
26 0.9 0.8 4.1 0.1 0.1 99.76 0.1 0.2
27 1.8 0.8 2.9 0.2 0.2 99.91 0.7 0.5
28 14.2 13.3 32.7 3.7 3.8 99.58 8.8 8.6
29 2.4 0.9 4.4 0.2 0.2 99.14 0.5 0.6
30 1.0 2.1 4.1 0.4 0.4 99.81 0.9 0.8
31 9.7 1.0 5.6 0.3 0.3 95.89 1.2 0.1
32 2.9 1.7 4.9 0.6 0.6 99.83 0.4 0.5
33 3.6 3.0 7.2 0.8 0.8 99.95 1.5 1.2
34 2.4 2.8 5.4 0.7 0.7 99.77 0.3 0.3
35 3.4 2.3 7.7 0.7 0.6 99.67 0.2 0.1
36 4.0 0.9 4.7 0.3 0.3 98.54 1.4 1.5
37 3.6 5.5 9.5 1.4 1.4 99.89 1.6 1.2
38 4.2 4.2 7.8 1.1 1.1 99.75 0.8 0.7
39 2.7 4.7 7.8 0.9 0.9 99.71 0.5 0.3
40 3.6 3.8 7.6 1.1 1.0 99.83 0.7 0.8
41 2.8 1.9 4.9 0.6 0.6 99.78 0.4 0.5
42 4.4 2.7 7.1 0.9 0.8 99.68 0.7 0.8
43 5.6 2.7 9.0 0.9 0.9 99.25 1.1 1.0
From Figure A.2, it is possible to observe that the large spectral errors shown in
Table VIII, particularly positions 21 and 28 are due to mainly magnitude shifts in the
reflectance spectra. If we look at the corresponding error maps, it is possible to see that
the dotted circle inside of which the spectra was averaged seem spatially displaced from
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the dark blue region of the color map corresponding to a lower RMS error. It is possible
that the piece of Mylar indicating the measurement position moved slightly between
spectral measurement and the photography that registered the measurement position.
Two other possible sources of error are:
1- lack of spatial uniformity in our imaging system mainly due to non-uniformity of
the LCTF
2- non-uniformity of the painting in the region covered by the spectral reflectance
measurement aperture
D. Rendering of spectral image on calibrated CRT display
An Apple CRT display at the National Gallery of Art was characterized
colorimetrically, as shown in Figure 32. Then, a colorimetric XYZ image was calculated
from the estimated spectral image and the image was displayed on CRT display for
comparison with the original, as shown in Figure 33 producing very satisfactory
reproduction. We also rendered the spectral images for sRGB monitor. Figures 34, 35,
36, 37, 38 and 39 show sRGB rendering of the spectral images using transformation 16.
                         
Figure 312 CRT display characterization.       Figure 33. Comparison between
original painting and reproduction on CRT.
Figure 34. Jawlensky’s “Murnau”
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Figure 35. ColorChecker DC and Gamblin     Figure 36. Blue target and ColorChecker
      target
        
Figure 37. Coorte’s “Still life with asparagus Figure 38. Vivarini’s “St. Jerome        
       and red currants” reading”
39
Figure 39. Matisse’s “Pot of geraniums”
sRGB rendering is going to be posted to our website:
www.art-si.org
IV. CONCLUSION
This trip to the National Gallery of Art, Washington, D.C. provided us a great
opportunity to experiment spectral estimation and imaging in situ at the museum. We also
analyzed the influence of the target used in the characterization of the system on spectral
estimation accuracy. We found out that the GretagMacbeth ColorChecker DC combined
with a Blue Target provided the best accuracy. The satisfactory results encouraged us to
continue this research focusing on analyzing the issue of spatial uniformity correction,
flare reduction and desirable spectral properties for characterization targets. We also have
been experimented with weighting differently each patch for a particular target and we
expect to have published results soon.
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Appendix
Table A.I. Average error metric values for the spectral estimation for





























CCDC 1.2 1.2 2.9 0.3 0.3 99.76 0.3 0.3
Halon 2.2 9.2 9.3 1.1 1.0 99.66 0.4 0.3
Gamblin 2.0 2.1 4.7 0.6 0.6 99.88 0.4 0.4
CC 1.5 1.5 3.5 0.4 0.4 99.81 0.3 0.3
Blue 2.2 2.1 5.0 0.6 0.6 99.55 0.6 0.5
Average
Transformation 1 1.8 3.2 5.1 0.6 0.6 99.73 0.4 0.4
CCDC 1.2 1.2 2.9 0.3 0.3 99.76 0.3 0.3
Halon 2.2 9.1 9.2 1.1 1.0 99.67 0.4 0.3
Gamblin 2.0 2.1 4.7 0.6 0.6 99.88 0.4 0.4
CC 1.5 1.5 3.5 0.4 0.4 99.81 0.3 0.3
Blue 2.2 2.1 5.0 0.6 0.6 99.55 0.6 0.5
Average
Transformation 2 1.8 3.2 5.1 0.6 0.6 99.73 0.4 0.4
CCDC 2.0 1.8 4.9 0.4 0.4 99.61 0.6 0.5
Halon 3.8 12.1 12.3 1.6 1.6 99.46 0.9 0.5
Gamblin 1.5 1.6 3.4 0.5 0.5 99.93 0.3 0.3
CC 1.8 1.7 4.5 0.4 0.4 99.67 0.3 0.3
Blue 2.4 2.2 5.3 0.6 0.6 99.58 0.6 0.5
Average
Transformation 3 2.3 3.9 6.1 0.7 0.7 99.65 0.5 0.4
CCDC 1.3 1.2 3.0 0.3 0.3 99.75 0.4 0.3
Halon 2.3 9.5 9.6 1.1 1.1 99.64 0.4 0.3
Gamblin 1.8 1.9 4.1 0.5 0.5 99.91 0.4 0.4
CC 1.4 1.4 3.3 0.4 0.4 99.82 0.2 0.3
Blue 2.3 2.0 4.7 0.6 0.5 99.61 0.5 0.5
Average
Transformation 4 1.8 3.2 4.9 0.6 0.6 99.75 0.4 0.4
CCDC 2.0 1.7 4.8 0.4 0.4 99.64 0.5 0.5
Halon 3.5 11.2 11.3 1.5 1.5 99.55 0.8 0.5
Gamblin 1.5 1.6 3.5 0.5 0.5 99.93 0.3 0.3
CC 1.7 1.6 4.2 0.4 0.4 99.72 0.3 0.2
Blue 2.4 2.1 5.3 0.6 0.6 99.59 0.6 0.5
Average
Transformation 5 2.2 3.7 5.8 0.7 0.7 99.69 0.5 0.4
CCDC 1.3 1.2 3.0 0.3 0.3 99.75 0.4 0.3
Halon 2.3 9.5 9.6 1.1 1.1 99.65 0.4 0.3
Gamblin 1.8 1.9 4.1 0.5 0.5 99.91 0.4 0.4
CC 1.4 1.4 3.3 0.4 0.4 99.82 0.2 0.3
Blue 2.3 2.0 4.7 0.6 0.5 99.61 0.5 0.5
Average
Transformation 6 1.8 3.2 4.9 0.6 0.6 99.75 0.4 0.4
CCDC 1.9 2.0 4.8 0.5 0.5 99.8 0.5 0.5
Halon 1.4 5.0 5.1 0.6 0.6 99.87 0.3 0.3
Gamblin 2.1 2.5 5.5 0.7 0.7 99.87 0.4 0.4
CC 0.7 0.8 1.8 0.2 0.2 99.96 0.2 0.2
Blue 2.6 2.7 6.3 0.7 0.7 99.6 0.7 0.6
Average
Transformation 7 1.7 2.6 4.7 0.5 0.5 99.82 0.4 0.4
CCDC 1.2 1.2 2.9 0.3 0.3 99.76 0.3 0.3
Halon 2.2 9.2 9.3 1.1 1.0 99.66 0.4 0.3
Gamblin 1.9 2.1 4.7 0.6 0.6 99.88 0.4 0.4
CC 1.5 1.4 3.5 0.4 0.4 99.81 0.3 0.3
Blue 2.1 2.1 4.9 0.6 0.6 99.56 0.5 0.5
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Average
Transformation 8 1.8 3.2 5.0 0.6 0.6 99.74 0.4 0.4
CCDC 1.9 2.2 5.4 0.5 0.5 99.75 0.5 0.5
Halon 0.8 2.0 2.0 0.4 0.4 99.98 0.2 0.2
Gamblin 2.2 2.7 6.1 0.7 0.7 99.83 0.4 0.4
CC 0.7 0.8 2.0 0.2 0.2 99.94 0.2 0.2
Blue 2.6 3.0 6.9 0.7 0.7 99.49 0.7 0.6
Average
Transformation 9 1.6 2.1 4.5 0.5 0.5 99.8 0.4 0.4
CCDC 1.2 1.2 2.9 0.3 0.3 99.76 0.3 0.3
Halon 2.2 9.1 9.2 1.1 1.0 99.67 0.4 0.3
Gamblin 1.9 2.1 4.7 0.6 0.6 99.88 0.4 0.4
CC 1.5 1.4 3.5 0.4 0.4 99.81 0.3 0.3
Blue 2.1 2.1 4.9 0.6 0.6 99.56 0.5 0.5
Average
Transformation 10 1.8 3.2 5.0 0.6 0.6 99.74 0.4 0.4
CCDC 2.0 1.7 4.7 0.4 0.4 99.66 0.5 0.5
Halon 3.6 11.5 11.6 1.5 1.5 99.51 0.8 0.5
Gamblin 1.5 1.6 3.5 0.5 0.5 99.93 0.3 0.3
CC 1.6 1.6 4.1 0.4 0.4 99.73 0.3 0.2
Blue 2.4 2.1 5.1 0.6 0.6 99.62 0.6 0.5
Average
Transformation 11 2.2 3.7 5.8 0.7 0.7 99.69 0.5 0.4
CCDC 1.3 1.2 3.0 0.3 0.3 99.75 0.4 0.3
Halon 2.3 9.5 9.6 1.1 1.1 99.64 0.4 0.3
Gamblin 1.8 1.9 4.1 0.5 0.5 99.91 0.4 0.4
CC 1.3 1.4 3.3 0.4 0.3 99.83 0.2 0.3
Blue 2.3 1.9 4.7 0.6 0.5 99.62 0.5 0.5
Average
Transformation 12 1.8 3.2 4.9 0.6 0.6 99.75 0.4 0.4
CCDC 1.9 1.7 4.6 0.4 0.4 99.68 0.5 0.5
Halon 3.4 10.7 10.8 1.4 1.4 99.58 0.8 0.5
Gamblin 1.5 1.6 3.5 0.5 0.5 99.93 0.3 0.3
CC 1.6 1.5 3.9 0.4 0.4 99.77 0.3 0.2
Blue 2.4 2.1 5.1 0.6 0.6 99.62 0.6 0.5
Average
Transformation 13 2.2 3.5 5.6 0.7 0.6 99.72 0.5 0.4
CCDC 1.3 1.2 3.0 0.3 0.3 99.75 0.4 0.3
Halon 2.3 9.5 9.5 1.1 1.1 99.65 0.4 0.3
Gamblin 1.8 1.9 4.1 0.5 0.5 99.91 0.4 0.4
CC 1.3 1.4 3.3 0.4 0.3 99.83 0.2 0.3
Blue 2.3 1.9 4.7 0.6 0.5 99.61 0.5 0.5
Average
Transformation 14 1.8 3.2 4.9 0.6 0.6 99.75 0.4 0.4
CCDC 3.2 3.4 8.4 0.9 0.8 99.43 0.6 0.6
Halon 4.3 13.8 14.0 2.1 2.0 99.3 0.6 0.5
Gamblin 4.3 4.5 10.9 1.1 1.1 99.34 0.6 0.6
CC 3.5 3.5 8.9 0.8 0.8 99.32 0.4 0.4
Blue 1.7 1.4 3.3 0.4 0.4 99.85 0.4 0.4
Average
Transformation 15 3.4 5.3 9.1 1.1 1.0 99.45 0.5 0.5
CCDC 1.2 1.2 2.9 0.3 0.3 99.76 0.3 0.3
Halon 2.3 9.2 9.3 1.1 1.0 99.66 0.4 0.3
Gamblin 2.0 2.1 4.5 0.6 0.6 99.89 0.4 0.4
CC 1.5 1.4 3.4 0.4 0.4 99.82 0.2 0.3
Blue 2.0 1.8 4.2 0.5 0.5 99.68 0.5 0.5
Average
Transformation 16 1.8 3.1 4.9 0.6 0.6 99.76 0.4 0.3
CCDC 2.6 2.6 6.7 0.7 0.7 99.62 0.5 0.5
Halon 2.1 6.4 6.4 1.0 0.9 99.86 0.3 0.3
Gamblin 3.3 3.5 8.2 1.0 1.0 99.62 0.5 0.5
CC 2.8 2.6 6.5 0.7 0.7 99.57 0.3 0.4
Blue 1.7 1.4 3.4 0.4 0.4 99.84 0.4 0.4
Average
Transformation 17 2.5 3.3 6.2 0.8 0.7 99.7 0.4 0.4
CCDC 1.2 1.2 2.9 0.3 0.3 99.76 0.3 0.3
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Halon 2.2 9.1 9.2 1.0 1.0 99.67 0.4 0.3
Gamblin 2.0 2.1 4.6 0.6 0.6 99.89 0.4 0.4
CC 1.5 1.4 3.4 0.4 0.4 99.83 0.2 0.3
Blue 2.0 1.8 4.2 0.5 0.5 99.68 0.5 0.5
Average
Transformation 18 1.8 3.1 4.8 0.6 0.5 99.76 0.4 0.3
CCDC 1.8 1.7 4.5 0.4 0.4 99.72 0.5 0.5
Halon 3.1 10.7 10.8 1.2 1.2 99.55 0.6 0.4
Gamblin 1.6 1.7 3.6 0.5 0.5 99.93 0.4 0.4
CC 1.5 1.4 3.7 0.3 0.3 99.79 0.3 0.2
Blue 1.9 1.7 4.1 0.5 0.5 99.74 0.5 0.5
Average
Transformation 19 2.0 3.4 5.3 0.6 0.6 99.74 0.4 0.4
CCDC 1.2 1.2 3.0 0.3 0.3 99.76 0.4 0.3
Halon 2.3 9.5 9.6 1.1 1.0 99.64 0.4 0.3
Gamblin 1.8 1.9 4.1 0.5 0.5 99.91 0.4 0.4
CC 1.4 1.4 3.3 0.4 0.3 99.83 0.2 0.2
Blue 2.1 1.8 4.2 0.5 0.5 99.68 0.5 0.5
Average
Transformation 20 1.8 3.2 4.8 0.6 0.5 99.76 0.4 0.3
CCDC 1.8 1.7 4.4 0.4 0.4 99.74 0.5 0.5
Halon 2.9 10.1 10.2 1.2 1.1 99.6 0.5 0.4
Gamblin 1.6 1.7 3.6 0.5 0.5 99.93 0.4 0.4
CC 1.4 1.4 3.5 0.3 0.3 99.82 0.2 0.2
Blue 1.9 1.7 4.1 0.5 0.5 99.75 0.5 0.5
Average
Transformation 21 1.9 3.3 5.2 0.6 0.6 99.77 0.4 0.4
CCDC 1.2 1.2 3.0 0.3 0.3 99.76 0.4 0.3
Halon 2.3 9.4 9.5 1.1 1.0 99.64 0.4 0.3
Gamblin 1.8 1.9 4.1 0.5 0.5 99.91 0.4 0.4
CC 1.4 1.4 3.3 0.4 0.3 99.83 0.2 0.2
Blue 2.1 1.8 4.2 0.5 0.5 99.68 0.5 0.5
Average
Transformation 22 1.8 3.1 4.8 0.6 0.5 99.76 0.4 0.3
CCDC 1.8 1.7 4.2 0.5 0.4 99.82 0.5 0.5
Halon 3.0 9.4 9.4 0.9 0.8 99.62 0.3 0.5
Gamblin 2.1 2.2 4.8 0.6 0.6 99.88 0.4 0.4
CC 1.3 1.2 2.9 0.3 0.3 99.88 0.2 0.2
Blue 1.8 1.5 3.5 0.4 0.4 99.83 0.5 0.4
Average
Transformation 23 2.0 3.2 5.0 0.5 0.5 99.81 0.4 0.4
CCDC 1.2 1.2 2.9 0.3 0.3 99.76 0.4 0.3
Halon 2.3 9.2 9.3 1.1 1.0 99.66 0.4 0.3
Gamblin 1.9 2.1 4.5 0.6 0.6 99.89 0.4 0.4
CC 1.5 1.4 3.3 0.4 0.4 99.83 0.2 0.2
Blue 2.0 1.7 4.2 0.5 0.5 99.68 0.5 0.5
Average
Transformation 24 1.8 3.1 4.8 0.6 0.5 99.76 0.4 0.3
CCDC 1.8 1.7 4.1 0.5 0.4 99.85 0.5 0.5
Halon 2.3 7.1 7.1 0.7 0.7 99.79 0.3 0.4
Gamblin 2.1 2.2 4.8 0.6 0.6 99.88 0.4 0.4
CC 1.2 1.2 2.8 0.3 0.3 99.91 0.2 0.2
Blue 1.8 1.5 3.5 0.4 0.4 99.83 0.5 0.4
Average
Transformation 25 1.8 2.7 4.5 0.5 0.5 99.85 0.4 0.4
CCDC 1.2 1.2 2.9 0.3 0.3 99.77 0.4 0.3
Halon 2.2 9.1 9.2 1.0 1.0 99.66 0.4 0.3
Gamblin 1.9 2.1 4.5 0.6 0.6 99.89 0.4 0.4
CC 1.5 1.4 3.3 0.4 0.4 99.83 0.2 0.2
Blue 2.0 1.7 4.2 0.5 0.5 99.68 0.5 0.5
Average
Transformation 26 1.8 3.1 4.8 0.6 0.5 99.77 0.4 0.3
CCDC 1.8 1.6 4.4 0.4 0.4 99.73 0.5 0.5
Halon 3.0 10.4 10.5 1.2 1.2 99.57 0.5 0.4
Gamblin 1.6 1.7 3.6 0.5 0.5 99.93 0.4 0.4
CC 1.4 1.4 3.5 0.3 0.3 99.81 0.2 0.2
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Blue 1.9 1.7 4.1 0.5 0.5 99.75 0.5 0.5
Average
Transformation 27 1.9 3.4 5.2 0.6 0.6 99.76 0.4 0.4
CCDC 1.2 1.2 3.0 0.3 0.3 99.76 0.4 0.3
Halon 2.3 9.5 9.6 1.1 1.0 99.64 0.4 0.3
Gamblin 1.8 1.9 4.1 0.5 0.5 99.91 0.4 0.4
CC 1.4 1.4 3.2 0.4 0.3 99.83 0.2 0.2
Blue 2.1 1.8 4.2 0.5 0.5 99.68 0.5 0.5
Average
Transformation 28 1.8 3.1 4.8 0.6 0.5 99.76 0.4 0.3
CCDC 1.8 1.6 4.3 0.4 0.4 99.75 0.5 0.5
Halon 2.8 9.9 10.0 1.1 1.1 99.61 0.5 0.4
Gamblin 1.6 1.7 3.6 0.5 0.5 99.93 0.4 0.4
CC 1.4 1.3 3.4 0.3 0.3 99.84 0.2 0.2
Blue 1.9 1.7 4.1 0.5 0.5 99.75 0.5 0.5
Average
Transformation 29 1.9 3.2 5.1 0.6 0.6 99.78 0.4 0.4
CCDC 1.2 1.2 3.0 0.3 0.3 99.76 0.4 0.3
Halon 2.3 9.4 9.5 1.1 1.0 99.64 0.4 0.3
Gamblin 1.8 1.9 4.1 0.5 0.5 99.91 0.4 0.4
CC 1.4 1.4 3.2 0.4 0.3 99.83 0.2 0.2
Blue 2.1 1.8 4.2 0.5 0.5 99.68 0.5 0.5
Average
Transformation 30 1.8 3.1 4.8 0.6 0.5 99.77 0.4 0.3
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Table A.II. Average of the worst metric values of all patches for each






























CCDC 2.9 2.2 5.1 0.7 0.7 99.58 0.9 1.0
Halon 8.3 25.1 25.4 7.7 7.7 99.55 4.2 4.3
Gamblin 5.3 5.4 11.8 1.7 1.7 99.42 1.4 1.5
CC 4.0 3.1 7.4 1.0 1.0 99.54 1.0 1.1
Blue 8.4 6.9 16.7 2.3 2.2 97.66 2.4 2.5
Average
Transformation 1 5.8 8.5 13.3 2.7 2.7 99.15 2.0 2.1
CCDC 2.9 2.2 5.0 0.7 0.7 99.58 0.9 1.0
Halon 8.3 25.1 25.3 7.7 7.7 99.56 4.2 4.3
Gamblin 5.3 5.4 11.9 1.7 1.7 99.42 1.4 1.5
CC 4.0 3.1 7.5 1.0 1.0 99.54 1.0 1.1
Blue 8.4 6.9 16.7 2.3 2.2 97.66 2.4 2.5
Average
Transformation 2 5.8 8.5 13.3 2.7 2.7 99.15 2.0 2.1
CCDC 3.7 2.8 7.2 0.8 0.8 99.39 1.1 1.2
Halon 8.2 26.6 26.9 8.0 8.0 99.33 4.6 4.6
Gamblin 5.3 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 4.3 3.3 8.6 1.0 1.0 99.38 1.1 1.1
Blue 9.2 6.9 17.3 2.3 2.3 97.39 2.7 2.7
Average
Transformation 3 6.1 8.9 14.3 2.8 2.8 98.98 2.2 2.2
CCDC 3.0 2.2 5.1 0.7 0.7 99.57 0.9 1.0
Halon 8.3 25.3 25.6 7.7 7.7 99.53 4.3 4.3
Gamblin 5.2 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 3.9 3.1 7.3 1.0 1.0 99.57 1.0 1.1
Blue 8.7 6.9 16.9 2.3 2.2 97.62 2.5 2.5
Average
Transformation 4 5.8 8.5 13.3 2.7 2.7 99.14 2.0 2.1
CCDC 3.6 2.8 7.1 0.8 0.8 99.42 1.1 1.2
Halon 8.2 26.1 26.4 8.0 7.9 99.41 4.5 4.5
Gamblin 5.3 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 4.2 3.3 8.5 1.0 1.0 99.42 1.1 1.1
Blue 9.3 6.9 17.4 2.3 2.3 97.41 2.7 2.7
Average
Transformation 5 6.1 8.8 14.2 2.8 2.8 99.02 2.2 2.2
CCDC 3.0 2.2 5.1 0.7 0.7 99.57 0.9 1.0
Halon 8.3 25.3 25.6 7.7 7.7 99.54 4.3 4.3
Gamblin 5.2 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 3.9 3.1 7.3 1.0 1.0 99.57 1.0 1.1
Blue 8.7 6.9 16.9 2.3 2.2 97.62 2.5 2.5
Average
Transformation 6 5.8 8.5 13.3 2.7 2.7 99.14 2.0 2.1
CCDC 3.6 3.0 7.4 0.8 0.8 99.58 1.1 1.1
Halon 7.8 20.0 20.2 6.4 6.4 99.77 3.7 4.0
Gamblin 5.7 6.1 13.6 1.9 1.9 99.36 1.5 1.6
CC 3.7 2.5 6.6 0.8 0.8 99.68 0.9 1.0
Blue 9.7 8.4 20.8 2.7 2.6 97.73 3.1 3.0
Average
Transformation 7 6.1 8.0 13.7 2.5 2.5 99.23 2.1 2.1
CCDC 2.9 2.2 5.1 0.7 0.7 99.58 0.9 1.0
Halon 8.3 25.1 25.4 7.7 7.7 99.55 4.2 4.3
Gamblin 5.3 5.4 11.8 1.7 1.7 99.42 1.4 1.5
CC 4.0 3.1 7.4 1.0 1.0 99.55 1.0 1.1
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Blue 8.5 6.9 16.8 2.3 2.2 97.67 2.4 2.5
Average
Transformation 8 5.8 8.5 13.3 2.7 2.7 99.16 2.0 2.1
CCDC 3.6 3.3 8.6 0.8 0.8 99.43 1.1 1.1
Halon 8.3 19.6 19.8 6.5 6.5 99.87 3.8 4.1
Gamblin 5.7 6.2 14.4 1.9 1.9 99.3 1.5 1.6
CC 3.7 2.6 7.1 0.8 0.8 99.61 0.9 1.0
Blue 9.5 8.6 21.1 2.6 2.6 97.59 3.0 2.9
Average
Transformation 9 6.2 8.1 14.2 2.5 2.5 99.16 2.1 2.2
CCDC 2.9 2.2 5.0 0.7 0.7 99.58 0.9 1.0
Halon 8.3 25.1 25.3 7.7 7.7 99.56 4.2 4.3
Gamblin 5.3 5.4 11.8 1.7 1.7 99.42 1.4 1.5
CC 4.0 3.1 7.4 1.0 1.0 99.55 1.0 1.1
Blue 8.5 6.9 16.8 2.3 2.2 97.67 2.4 2.5
Average
Transformation 10 5.8 8.5 13.3 2.7 2.7 99.16 2.0 2.1
CCDC 3.6 2.7 7.0 0.8 0.8 99.43 1.1 1.2
Halon 8.2 26.2 26.4 7.9 7.9 99.37 4.5 4.5
Gamblin 5.3 5.2 11.5 1.7 1.7 99.43 1.4 1.5
CC 4.2 3.2 8.3 1.0 1.0 99.45 1.1 1.1
Blue 9.3 6.8 17.3 2.3 2.3 97.46 2.7 2.7
Average
Transformation 11 6.1 8.8 14.1 2.8 2.7 99.03 2.2 2.2
CCDC 3.0 2.2 5.1 0.7 0.7 99.57 0.9 1.0
Halon 8.3 25.3 25.6 7.7 7.7 99.53 4.3 4.3
Gamblin 5.2 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 3.8 3.1 7.3 1.0 1.0 99.57 1.0 1.1
Blue 8.7 6.9 16.9 2.3 2.3 97.62 2.5 2.5
Average
Transformation 12 5.8 8.5 13.3 2.7 2.7 99.15 2.0 2.1
CCDC 3.6 2.7 6.9 0.8 0.8 99.46 1.1 1.1
Halon 8.2 25.8 26.0 7.9 7.8 99.45 4.5 4.5
Gamblin 5.3 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 4.2 3.2 8.3 1.0 1.0 99.48 1.1 1.1
Blue 9.3 6.9 17.4 2.3 2.3 97.47 2.7 2.7
Average
Transformation 13 6.1 8.7 14.0 2.7 2.7 99.06 2.2 2.2
CCDC 3.0 2.2 5.1 0.7 0.7 99.58 0.9 1.0
Halon 8.3 25.3 25.6 7.7 7.7 99.53 4.3 4.3
Gamblin 5.2 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 3.8 3.1 7.3 1.0 1.0 99.57 1.0 1.1
Blue 8.7 6.9 17.0 2.3 2.3 97.62 2.5 2.5
Average
Transformation 14 5.8 8.5 13.3 2.7 2.7 99.15 2.0 2.1
CCDC 4.9 4.3 10.6 1.2 1.2 99.16 1.2 1.3
Halon 7.8 27.6 27.9 8.2 8.1 99.06 4.2 4.0
Gamblin 7.9 7.4 17.5 2.2 2.2 98.77 1.6 1.7
CC 5.9 5.0 12.4 1.4 1.4 98.97 1.2 1.3
Blue 8.5 6.5 15.9 2.2 2.2 97.88 2.6 2.7
Average
Transformation 15 7.0 10.2 16.9 3.1 3.0 98.77 2.1 2.2
CCDC 2.9 2.2 5.0 0.7 0.7 99.58 0.9 1.0
Halon 8.3 25.1 25.3 7.7 7.7 99.55 4.2 4.3
Gamblin 5.3 5.3 11.8 1.7 1.7 99.42 1.4 1.5
CC 4.0 3.1 7.4 1.0 1.0 99.56 1.0 1.1
Blue 8.5 6.8 16.6 2.3 2.2 97.78 2.5 2.5
Average
Transformation 16 5.8 8.5 13.2 2.7 2.7 99.18 2.0 2.1
CCDC 4.3 3.6 9.1 1.1 1.1 99.39 1.1 1.3
Halon 7.8 22.8 23.0 7.3 7.2 99.75 4.0 4.0
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Gamblin 7.0 6.7 15.9 2.1 2.1 99.07 1.5 1.6
CC 5.1 4.2 10.4 1.3 1.3 99.24 1.1 1.2
Blue 8.5 6.6 16.4 2.2 2.2 98.02 2.6 2.7
Average
Transformation 17 6.6 8.8 15.0 2.8 2.8 99.09 2.1 2.2
CCDC 2.9 2.2 5.0 0.7 0.7 99.59 0.9 1.0
Halon 8.3 25.0 25.3 7.7 7.6 99.55 4.2 4.3
Gamblin 5.3 5.3 11.8 1.7 1.7 99.42 1.4 1.5
CC 4.0 3.1 7.4 1.0 1.0 99.56 1.0 1.1
Blue 8.5 6.8 16.6 2.3 2.2 97.78 2.5 2.5
Average
Transformation 18 5.8 8.5 13.2 2.7 2.7 99.18 2.0 2.1
CCDC 3.5 2.6 6.7 0.8 0.8 99.52 1.1 1.2
Halon 7.9 25.4 25.7 7.7 7.7 99.4 4.3 4.3
Gamblin 5.3 5.2 11.5 1.7 1.7 99.44 1.4 1.5
CC 4.0 3.1 7.9 1.0 1.0 99.53 1.1 1.1
Blue 8.9 6.7 16.8 2.3 2.2 97.55 2.7 2.7
Average
Transformation 19 5.9 8.6 13.7 2.7 2.7 99.09 2.1 2.2
CCDC 3.0 2.2 5.1 0.7 0.7 99.58 0.9 1.0
Halon 8.2 25.2 25.5 7.7 7.7 99.52 4.3 4.3
Gamblin 5.2 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 3.9 3.1 7.3 1.0 1.0 99.57 1.0 1.1
Blue 8.6 6.8 16.6 2.3 2.2 97.69 2.6 2.6
Average
Transformation 20 5.8 8.5 13.2 2.7 2.6 99.16 2.0 2.1
CCDC 3.5 2.6 6.7 0.8 0.8 99.54 1.1 1.2
Halon 7.9 25.1 25.4 7.6 7.6 99.46 4.3 4.3
Gamblin 5.3 5.2 11.6 1.7 1.7 99.44 1.4 1.5
CC 4.0 3.1 7.8 1.0 1.0 99.56 1.1 1.1
Blue 8.9 6.7 16.8 2.3 2.2 97.57 2.7 2.7
Average
Transformation 21 5.9 8.5 13.7 2.7 2.7 99.11 2.1 2.2
CCDC 3.0 2.2 5.1 0.7 0.7 99.58 0.9 1.0
Halon 8.2 25.2 25.4 7.7 7.7 99.53 4.3 4.3
Gamblin 5.2 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 3.9 3.1 7.3 1.0 1.0 99.57 1.0 1.1
Blue 8.6 6.8 16.6 2.3 2.2 97.69 2.6 2.6
Average
Transformation 22 5.8 8.5 13.2 2.7 2.6 99.16 2.0 2.1
CCDC 3.6 2.6 6.5 0.8 0.8 99.64 1.1 1.2
Halon 7.3 23.6 23.8 7.1 7.1 99.49 3.8 3.8
Gamblin 5.8 5.5 12.4 1.8 1.8 99.37 1.4 1.5
CC 3.9 3.0 7.2 1.0 1.0 99.61 1.0 1.1
Blue 8.7 6.7 16.6 2.3 2.2 97.87 2.7 2.7
Average
Transformation 23 5.9 8.3 13.3 2.6 2.6 99.2 2.0 2.1
CCDC 2.9 2.2 5.0 0.7 0.7 99.59 0.9 1.0
Halon 8.3 25.0 25.3 7.7 7.6 99.54 4.2 4.3
Gamblin 5.3 5.3 11.7 1.7 1.7 99.42 1.4 1.5
CC 4.0 3.1 7.4 1.0 1.0 99.56 1.0 1.1
Blue 8.5 6.8 16.6 2.3 2.2 97.78 2.5 2.5
Average
Transformation 24 5.8 8.5 13.2 2.7 2.7 99.18 2.0 2.1
CCDC 3.6 2.7 6.5 0.8 0.8 99.66 1.1 1.2
Halon 7.5 22.5 22.7 7.0 7.0 99.66 3.8 3.9
Gamblin 5.7 5.5 12.5 1.8 1.8 99.37 1.4 1.5
CC 3.9 3.0 7.2 1.0 1.0 99.61 1.0 1.1
Blue 8.7 6.7 16.8 2.3 2.3 97.92 2.7 2.7
Average
Transformation 25 5.9 8.1 13.1 2.6 2.6 99.24 2.0 2.1
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CCDC 2.9 2.2 5.0 0.7 0.7 99.59 0.9 1.0
Halon 8.3 25.0 25.3 7.7 7.6 99.55 4.2 4.3
Gamblin 5.3 5.3 11.8 1.7 1.7 99.42 1.4 1.5
CC 4.0 3.1 7.4 1.0 1.0 99.56 1.0 1.1
Blue 8.5 6.8 16.6 2.3 2.2 97.78 2.5 2.5
Average
Transformation 26 5.8 8.5 13.2 2.7 2.6 99.18 2.0 2.1
CCDC 3.5 2.6 6.6 0.8 0.8 99.54 1.1 1.2
Halon 7.9 25.2 25.5 7.6 7.6 99.43 4.3 4.3
Gamblin 5.3 5.2 11.5 1.7 1.7 99.44 1.4 1.5
CC 4.0 3.0 7.8 1.0 1.0 99.55 1.1 1.1
Blue 8.9 6.7 16.8 2.3 2.2 97.57 2.7 2.7
Average
Transformation 27 5.9 8.6 13.6 2.7 2.7 99.1 2.1 2.2
CCDC 3.0 2.2 5.1 0.7 0.7 99.58 0.9 1.0
Halon 8.2 25.2 25.5 7.7 7.7 99.52 4.3 4.3
Gamblin 5.2 5.2 11.6 1.7 1.7 99.43 1.4 1.5
CC 3.9 3.1 7.3 1.0 1.0 99.57 1.0 1.1
Blue 8.6 6.8 16.6 2.3 2.2 97.69 2.6 2.6
Average
Transformation 28 5.8 8.5 13.2 2.7 2.6 99.16 2.0 2.1
CCDC 3.5 2.6 6.6 0.8 0.8 99.55 1.1 1.2
Halon 7.9 25.0 25.2 7.6 7.6 99.48 4.3 4.3
Gamblin 5.3 5.2 11.6 1.7 1.7 99.44 1.4 1.5
CC 4.0 3.0 7.7 1.0 1.0 99.57 1.1 1.1
Blue 8.9 6.7 16.8 2.3 2.2 97.59 2.7 2.7
Average
Transformation 29 5.9 8.5 13.6 2.7 2.7 99.13 2.1 2.2
CCDC 3.0 2.2 5.1 0.3 0.7 99.58 0.9 1.0
Halon 8.2 25.2 25.4 1.1 7.7 99.53 4.3 4.3
Gamblin 5.2 5.2 11.6 0.5 1.7 99.43 1.4 1.5
CC 3.9 3.1 7.3 0.4 1.0 99.58 1.0 1.1
Blue 8.6 6.8 16.6 0.5 2.2 97.69 2.6 2.6
Average
Transformation 30 5.8 8.5 13.2 0.6 2.6 99.16 2.0 2.1
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Table A.III. Summary of the spectral estimation accuracy of Gamblin
target using 31 bands from LCTF and a transformation generated by


































Light 0.7 1.0 1.3 1.7 4.2 0.4 0.4 99.96 0.1 0.1
Burnnt Sienna 0.7 0.9 0.6 0.5 1.1 0.1 0.1 99.99 0.1 0.1
Cobalt Green 0.7 0.9 3.1 4.1 7.4 1.3 1.2 99.86 0.9 0.8
Cadmium
Yellow Light 1.1 0.4 1.0 2.5 5.8 0.6 0.7 99.97 0.2 0.1
Cadmium
Orange 1.1 0.4 2.9 3.1 11.0 0.7 0.6 99.85 0.2 0.2
Phtalo Blue 0.9 0.3 1.5 1.0 2.7 0.3 0.3 99.95 0.3 0.3
Quinacridone
Red 1.1 0.3 1.9 2.2 3.6 0.5 0.6 99.94 0.3 0.4
Earth Yellow 0.9 0.9 3.0 3.2 6.5 1.1 1.1 99.86 0.5 0.6
Viridian 0.8 0.8 2.3 4.1 6.6 1.2 1.1 99.92 0.6 0.6
Cadmium Red
Light 1.1 0.4 2.6 2.6 7.2 0.7 0.7 99.93 0.2 0.2
Burnnt Umber 1.0 0.4 2.1 1.2 4.0 0.4 0.3 99.92 0.7 0.7
Cobalt Green 1.0 0.4 3.8 3.5 7.5 1.1 1.1 99.76 0.9 0.8
Cadmium
Yellow Medium 0.7 1.1 0.5 1.2 2.1 0.3 0.3 99.99 0.1 0.1
Cadmium
Orange 0.7 1.0 1.8 2.8 6.9 0.6 0.6 99.92 0.2 0.2
Dioxazine
Purple 0.7 1.0 4.2 3.0 6.3 0.9 0.9 99.86 0.6 0.4
Quinacridone
Red 0.8 1.0 0.9 1.4 2.3 0.4 0.4 99.97 0.1 0.1
Trans Earth
Red 0.7 0.9 4.9 3.5 8.4 1.2 1.2 99.71 0.8 0.9
Viridian 1.5 0.4 3.2 3.5 6.9 1.0 1.0 99.86 0.7 0.7
Red medium 1.0 0.4 3.1 1.8 6.1 0.6 0.6 99.92 0.1 0.2
Burnnt Umber 0.8 1.0 1.1 0.8 1.9 0.2 0.2 99.98 0.4 0.4
Cobalt Violet 1.0 0.4 1.3 1.9 3.5 0.6 0.6 99.91 0.7 0.6
Yellow Medium 1.1 0.4 1.0 2.1 4.8 0.5 0.6 99.97 0.1 0.1
Black 0.7 1.0 0.9 0.8 1.9 0.1 0.1 99.92 0.2 0.2
Diozine Purple 0.9 0.3 5.8 2.9 8.3 1.0 1.0 99.59 1.0 0.6
Prussian Blue 0.8 1.0 1.2 1.3 3.5 0.3 0.3 99.83 0.3 0.3
Trans Earth
Red 0.9 0.3 7.0 3.5 10.9 1.2 1.2 99.09 1.0 1.2
Ultramarine
blue 0.6 0.9 1.7 1.9 3.6 0.6 0.6 99.95 0.3 0.2
Red medium 0.8 1.0 1.9 2.5 4.3 0.8 0.8 99.94 0.4 0.3
Raw Sienna 1.1 0.5 1.7 2.0 4.8 0.5 0.5 99.93 0.3 0.3
Cobalt violet 0.8 1.0 1.4 2.4 3.6 0.6 0.7 99.94 0.8 0.6
Oxide green 1.0 0.4 2.0 2.0 4.6 0.4 0.4 99.57 0.3 0.3
Black 1.0 0.4 1.5 0.9 3.0 0.3 0.3 99.96 0.7 0.7
Yellow Medium 0.7 0.9 1.4 2.6 4.9 0.8 0.8 99.96 0.2 0.1
Prussian Blue 0.9 0.9 1.3 1.0 3.4 0.2 0.2 99.83 0.4 0.4
Raw Umber 0.7 0.7 1.5 0.8 1.9 0.2 0.2 99.94 0.3 0.3
Ultramarine
blue 0.9 0.9 1.2 1.4 3.4 0.3 0.3 99.92 0.2 0.2
Blank 1.7 4.4 5.3 1.1 1.1 99.97 0.8 0.7
Raw Sienna 0.8 1.0 1.3 2.0 3.7 0.6 0.6 99.97 0.3 0.3
Black Spinel 1.0 0.4 1.8 1.1 3.9 0.4 0.4 99.94 1.0 1.0
Chromium
Oxide Green 0.8 1.1 2.5 2.6 5.4 0.6 0.5 99.59 0.2 0.4
Manganese
blue hue 0.8 1.1 1.1 2.6 3.5 0.7 0.6 99.96 0.2 0.2
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Hansa Yellow
Medium 1.0 0.3 1.4 1.7 4.2 0.6 0.6 99.97 0.1 0.1
Phthalo Green 1.0 0.3 3.2 2.4 7.6 0.7 0.7 99.65 0.6 0.5
Raw umber 0.9 0.3 2.1 1.2 3.8 0.4 0.4 99.93 0.8 0.8
Venetian red 0.7 0.9 1.6 1.1 2.6 0.3 0.3 99.93 0.3 0.3
Blank 1.5 2.6 3.3 0.6 0.6 99.97 0.3 0.4
Indian Yellow 0.9 0.3 1.6 2.4 4.7 0.9 0.8 99.94 0.2 0.2
Spinel 0.8 1.0 1.1 0.7 1.8 0.2 0.2 99.91 0.2 0.3
Cobalt blue 0.8 1.1 1.2 2.6 4.3 0.5 0.5 99.92 0.5 0.4
Manganese
blue hue 1.0 0.4 1.0 1.4 2.1 0.4 0.4 99.98 0.1 0.1
Indian red 1.1 0.3 2.5 1.7 5.3 0.5 0.5 99.86 0.4 0.4
Phtalo green 0.9 1.1 1.8 1.8 4.3 0.5 0.5 99.91 0.3 0.3
Yellow ochre 0.7 0.9 1.0 1.7 3.0 0.5 0.5 99.97 0.2 0.2
Venetian red 1.0 0.3 2.6 1.5 5.4 0.4 0.4 99.72 0.2 0.3
Blank 1.6 3.1 3.8 0.8 0.8 99.97 0.6 0.5
Indian Yellow 0.8 1.1 2.3 2.7 5.5 0.8 0.8 99.93 0.2 0.1
Burnt Sienna 1.1 0.5 1.8 1.5 3.7 0.4 0.4 99.96 0.3 0.3
Cobalt blue 1.1 0.4 2.4 2.5 4.6 0.6 0.6 99.86 0.3 0.3
Cadmium
yellow light 0.8 1.0 0.7 1.9 3.0 0.5 0.5 99.98 0.2 0.2
Indian red 0.7 1.0 0.7 0.6 1.4 0.2 0.2 99.97 0.1 0.1
Phtalo blue 0.8 1.0 1.6 1.4 3.3 0.4 0.4 99.94 0.3 0.4
Yellow ochre 0.9 0.3 1.4 2.0 4.8 0.5 0.5 99.89 0.1 0.2
Earth Yellow 0.7 0.9 1.1 1.7 3.1 0.6 0.6 99.97 0.3 0.3
Cadmium Red
Light 0.7 1.0 2.0 2.1 4.5 0.6 0.6 99.89 0.4 0.4
Burnnt Sienna 0.7 0.9 1.3 1.7 4.2 0.4 0.4 99.96 0.1 0.1
Cobalt Green 0.7 0.9 0.6 0.5 1.1 0.1 0.1 99.99 0.1 0.1
Average 3.1 4.1 7.4 1.3 1.2 99.86 0.9 0.8
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1) Cadmium Red Light 2) Burnnt Sienna
3) Cobalt Green          4) Cadmium Yellow Light
5) Cadmium Orange 6) Phtalo blue
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7) Quinacridone Red 8) Earth Yellow
9) Veridian 10) Cadmium Red Light
11) Burnnt Umber 12) Cobalt Green
53
          13) Cadmium Yellow Medium 14) Cadmium Orange
15) Dioxazine Purple 16) Quinacridone Red
17) Trans Earth Red 18) Viridian
54
19) Red Medium           20) Burnt Umber
21) Cobalt Violet 22) Yellow Medium
23) Black 24) Diozine Purple
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25) Prussian Blue 26) Trans Earth Red
27) Ultramarine blue 28) Red Medium
29) Raw Sienna 30) Cobalt Violet
56
31) Oxide Green 32) Black
33) Yellow Medium 34) Prussian Blue
35) Raw Umber            36) Ultramarine Blue
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37) Raw Sienna 38) Black Spinel
     39) Chromium Oxide Green     40) Manganese blue hue
       41) Hansa Yellow Medium           42) Phtalo Green
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43) Raw Umber 44) Venetian Red
45) Indian Yellow 46) Spinel
47) Cobalt Blue        48) Manganese blue hue
59
49) Indian Red 50) Phtalo Green
51) Yellow Ochre 52) Venetian Red
53) Indian Yellow 54) Burnt Sienna
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55) Cobalt Blue       56) Cadmium Yellow Light
57) Indian Red 58) Phtalo Blue
59) Yellow Ochre 60) Earth Yellow
Figure A.1 Spectral plots for all 60 pigments of the Gamblin target. The blue continuous line is
the measured reflectance and the magenta dotted line is the estimation using transformation
16 obtained using CCDC and Blue targets.
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        1) Spectral plots for Position 1          2) Error map for Position 1
        3) Spectral plots for Position 2          4) Error map for Position 2
        5) Spectral plots for Position 3          6) Error map for Position 3
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        7) Spectral plots for Position 4          8) Error map for Position 4
        9) Spectral plots for Position 5          10) Error map for Position 5
11) Spectral plots for Position 6          12) Error map for Position 6
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        13) Spectral plots for Position 7          14) Error map for Position 7
        15) Spectral plots for Position 8          16) Error map for Position 8
        17) Spectral plots for Position 9          18) Error map for Position 9
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        19) Spectral plots for Position 10          20) Error map for Position 10
        21) Spectral plots for Position 11          22) Error map for Position 11
        23) Spectral plots for Position 12          24) Error map for Position 12
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        25) Spectral plots for Position 13          26) Error map for Position 13
        27) Spectral plots for Position 14          28) Error map for Position 14
        29) Spectral plots for Position 15          30) Error map for Position 15
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        31) Spectral plots for Position 16          32) Error map for Position 16
        33) Spectral plots for Position 17          34) Error map for Position 17
        35) Spectral plots for Position 18          36) Error map for Position 18
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        37) Spectral plots for Position 19          38) Error map for Position 19
        39) Spectral plots for Position 20          40) Error map for Position 20
        41) Spectral plots for Position 21          42) Error map for Position 21
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        43) Spectral plots for Position 22          44) Error map for Position 22
        45) Spectral plots for Position 23          46) Error map for Position 23
        47) Spectral plots for Position 24          48) Error map for Position 24
69
        49) Spectral plots for Position 25          50) Error map for Position 25
        51) Spectral plots for Position 26          52) Error map for Position 26
        53) Spectral plots for Position 27          54) Error map for Position 27
70
        55) Spectral plots for Position 28          56) Error map for Position 28
        57) Spectral plots for Position 29          58) Error map for Position 29
        59) Spectral plots for Position 30          60) Error map for Position 30
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        61) Spectral plots for Position 31          62) Error map for Position 31
        63) Spectral plots for Position 32          64) Error map for Position 32
        65) Spectral plots for Position 33          66) Error map for Position 33
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        67) Spectral plots for Position 34          68) Error map for Position 34
        69) Spectral plots for Position 35          70) Error map for Position 35
        71) Spectral plots for Position 36          72) Error map for Position 36
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        73) Spectral plots for Position 37          74) Error map for Position 37
        75) Spectral plots for Position 38          76) Error map for Position 38
        77) Spectral plots for Position 39          78) Error map for Position 39
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        79) Spectral plots for Position 40          80) Error map for Position 40
        81) Spectral plots for Position 41          82) Error map for Position 41
        83) Spectral plots for Position 42          84) Error map for Position 42
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        85) Spectral plots for Position 43          86) Error map for Position 43
Figure A.2. Spectral plots between measured and averaged estimated spectra with respective
error maps for 43 positions on Matisse painting. The continuous blue line indicates measured
reflectance and the dotted magenta line indicates the averaged spectral estimation in the
region corresponding to the measurement. The error maps indicates a subregion in the
painting. The abscissa and ordinate indicates spatial distance and the color bar indicates the
RMS error  between measured spectral estimation and the estimated spectral reflectance for
each pixel of the subregion. The dotted black circle indicates the region sampled by the
spectrophotometer.
